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Abstract:We present a simulation program for the production of a pair ofW bosons in association
with a jet, that can be used in conjunction with general-purpose shower Monte Carlo generators,
according to the Powheg method. We have further adapted and implemented the Minlo′ method
on top of the NLO calculation underlying ourW+W−+jet generator. Thus, the resulting simulation
achieves NLO accuracy not only for inclusive distributions in W+W−+ jet production but also
W+W− production, i.e. when the associated jet is not resolved, without the introduction of any
unphysical merging scale. This work represents the first extension of the Minlo′ method, in its
original form, to the case of a genuine underlying 2→ 2 process, with non-trivial virtual corrections.
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1 Introduction
Run II at the LHC will further explore physics at the scale of electroweak symmetry breaking
and continue the search for new phenomena in the TeV energy range. Within this programme,
major attention will be paid to sharpening measurements of Higgs boson properties, searching for
direct and indirect signals of new particles, and excluding and curtailing the form of proposed
physics beyond the standard model. For all of these endeavours, the QCD production of pairs
of electroweak (EW) gauge bosons is an important process over which to exert theoretical and
experimental control. Weak boson pair production constitutes a major background in Higgs boson
analyses, as well as in direct searches for new particles decaying into jets, leptons and/or missing
energy. Furthermore, precision measurements of these processes translate to indirect bounds on
new physics at higher energies than are directly accessible, e.g. through setting constraints on the
allowed size of anomalous trilinear gauge interactions.
Studies ofW+W− hadroproduction have been carried out both at the Tevatron1 and the LHC,2
in which limits on anomalous triple gauge couplings were derived. For LHC Run I measurements,
experimental uncertainties are at the level of 7-8%, and are dominated by systematics. One impor-
tant source of uncertainty occurs when both W bosons decay leptonically: the final-state contains
two neutrinos, whose missing momenta prevent a full reconstruction of the event kinematics—in
particular the momenta of theW bosons. The lack of any resonantW mass peaks leads to a greater
sensitivity of experimental analyses to the theoretical modelling of this process than would other-
wise be the case, be it as a signal, or a background. The kinematic distributions which are used
as experimental handles have a greater susceptibility to QCD radiative corrections; the uncertainty
1See e.g. [1–3] and references therein.
2See e.g. [4, 5] and references therein.
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connected to this modelling is a contributing factor in the experimental systematic error estimate.
Separately, in order to isolate W+W− final-states from backgrounds, in particular those due to tt¯
and tW production, experimental analyses categorise events according to their jet multiplicity, in
so-called jet-binned/jet-vetoed analyses. Such event selections are employed in the study of both
QCD continuum W+W− pair production, as well as Higgs boson production in the H → W+W−
channel (in which context the former signal process plays the rôle of an irreducible background).
In both analyses, the fact that the signal definition includes cuts on the presence of associated jets
also implies a potentially marked sensitivity to higher order QCD effects: in the study of contin-
uum QCDW+W− production the ensuing uncertainty significantly contributes to the extrapolation
to the total cross-section. All considered, the above experimental issues point to the importance
of flexible, high-accuracy, and fully realistic, theoretical predictions for W+W− and jet-associated
W+W− production processes.
The level of theoretical precision with which hadronic W -pair production is known has seen
truly remarkable progress in recent years. Partonic QCD calculations for pp→W+W− have evolved
from stable-W approximations at LO [6] to much more sophisticated treatments, incorporating
spin correlation and off-shell effects in W decays, all at NLO [7–9]. The latter are available as
flexible public computer codes, such as MCFM [10]. The NLO calculation of W -pair production
in association with a jet, including W decays, was first carried out almost ten years ago [11], with
the dijet case following in 2011 [12]. Gluon initiated contributions to W -pair hadroproduction were
calculated in refs. [13–16], the contribution due to interference with Higgs boson production being
later taken into account in ref. [17]. The leading order gluon fusion contribution to jet-associated
W -pair production was first computed in ref. [18]. More recently, in the last couple of years, NNLO
predictions for W -pair production have become available, for the case of stable bosons [19], using
the two loop helicity amplitudes of ref. [20]. Off-shell two-loop amplitudes have also been computed
lately, both for quark-antiquark collisions [21, 22], and gluon fusion [23, 24]. The latter results have
been used in determining the NLO corrections to gg →W+W− [25]. The quark-antiquark two-loop
amplitudes have recently been used to present fully differential NNLO predictions [26]. Finally, at
fixed order, we note that NLO electroweak corrections toW -pair production are also known [27–29],
even including a full off-shell treatment of the W decays [30].
In the context of resummed QCD calculations, transverse momentum and threshold resumma-
tions for this process have been studied in refs. [31–34] and ref. [35] respectively. The effects of a
jet veto resummation were considered by several groups [36–39], in part triggered by a discrepancy
between the measured and predicted cross sections at the LHC.
Monte Carlo event generators matching NLOW -pair production calculations to parton showers
(Nlops) have been publicly available for around a decade. Indeed this process was the subject of the
pioneering proof-of-concept work demonstrating the MC@NLO Nlops matching formalism [40].
Alternative Nlops implementations of this process, using different methods and approximations,
were subsequently implemented in the Herwig++ [41], Sherpa [42] and Powheg-Box [43, 44]
packages. The original Herwig++ implementation has recently been superseded by a version
including single-resonant and gluon induced contributions, in the new Herwig7 framework [45, 46].
Nlops simulations ofW -pair production andW -pair production in association with a jet have been
merged by the OpenLoops+Sherpa group [47] according to the Meps@Nlo [48, 49] merging
scheme. The aMC@NLO team have also presented state-of-the-art simulations of NLO weak boson
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pair production in ref. [50], which can be automatically merged with higher order jet multiplicities
according to the FxFx multi-jet merging method [51, 52]. All of the above simulations include
full leptonic decay kinematics, with the latter two simulations (employing NLO merging) also
incorporating gg initiated contributions.
In this paper we extend and apply theMinlo′ technique of ref. [53], to deliver a NLO calculation
of jet-associated W -pair production, which is simultaneously NLO accurate in the description of
0-jet quantities. In our underlying NLO calculation the W bosons are allowed to decay either
hadronically or leptonically. In the hadronic case, we incorporate the NLO QCD correction to
the decay only inclusively. We employ fully off-shell matrix elements, including singly-resonant
contributions, but we omit the loop-mediated gg channel in our simulation. The latter is separately
finite and can be accounted for straightforwardly via, e.g., the gg2ww event generator [16, 54] (as
employed by ATLAS and CMS). The enhanced Minlo′ computation is implemented within the
Powheg-Box Nlops framework [55–57], such that approximate higher order, higher twist, and
non-perturbative QCD effects can be accounted for (parton shower, hadronization and underlying
event), rendering a realistic description of the final-state. The latter class of corrections can have a
non-negligible impact on many observables; in particular, for jet-binned cross sections, where they
contribute to migrations between bins, their effects can be sizable, as noted in, e.g., ref. [58].
We reiterate that not only is our single Minlo′ calculation of jet-associated W -pair production
capable of populating the phase space of the 0-jet region, it can be formally proved that the
predictions which it yields for 0-jet quantities are also NLO accurate. This is in difference to the
earlier-mentioned multi-jet merged Nlops simulations, which essentially partition phase space into
jet bins, whose ‘size’ is set by a new merging scale parameter, with each bin being populated by
events from an Nlops simulation with the corresponding jet multiplicity.
The current work is novel theoretically, in so far as it represents the first application of the
original Minlo′ method to a genuine 2 → 2 colour singlet process at the lowest order,3 wherein
the virtual (V ) and Born (B) contributions are not proportional to each other. The ratio V/B
enters the process-dependent part of the NNLL resummation coefficient B2, whose inclusion in the
Minlo Sudakov form factor is mandatory for yielding NLO accuracy also in the description of 0-jet
quantities. In the original Minlo′ works on Higgs and Drell-Yan production the ratio V/B is just
a constant (since these are effectively 2 → 1 processes) while the extension to the present case
requires a procedure to compute the process-dependent B2 term for the production of a generic
colour-singlet system.
The Minlo′ implementation presented here can be readily promoted to a Nnlops simulation
of W+W− production following the same procedure employed to build Nnlops H [60, 61], Z [62],
and HW [58] generators. The present work can be regarded as a main theoretical step towards
such a Nnlops simulation of W+W− production.
An Nnlops generator could also be achieved through matching an NNLO + NNLL′ resummed
calculation of this process to a parton shower using the Geneva matching formalism [63–66]. In
addition, it would appear to be a straightforward matter to merge the same NNLO calculation with
a parton shower according to the UN2LOPS prescription [67, 68].
The paper is structured as follows. In section 2 we give details on the construction of our
underlying NLO calculation forW -pair production in association with a jet, as well as details on the
3An alternative extension of Minlo′ was given in ref. [59].
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validation of our implementation. We then proceed to exemplify the extension of theMinlo′ method
to a generic colour-singlet process. Many aspects of the Minlo′ approach follow unchanged from
refs. [53, 69], and so we focus on presenting the key differences and their practical implementation.
Section 3 presents a phenomenological study of kinematic distributions for the decay more of the
W -bosons to e+νeµ−νµ case. We summarize our findings and conclude in sect. 4. We have made
our simulation publicly available within the Powheg-Box code.4
2 Method and technical details
In this section we first give all details concerning the construction of the pure Nlops simulation
of jet-associated W -pair production (henceforth WWj), including the treatment of heavy fermions
and the CKM matrix. We subsequently detail the validation of this construction. Following this,
we go on to describe how we have modified and extended the original Minlo′ method, such that
our WWj-Minlo simulation also recovers NLO accurate results for 0-jet and inclusive W -pair
production observables (henceforth WW).
2.1 Nlops construction
We have generated Born and real matrix elements using the Powheg-Box interface toMadgraph
4 [70] developed in ref. [71]. The virtual matrix elements have been obtained using GoSam 2.0 [72].
Our code is based on matrix elements for the following Born sub-processes and all of their associated
NLO counterparts: 5
qq¯ → e+νeµ−νµg , qg → e+νeµ−νµq , q¯g → e+νeµ−νµq¯ . (2.1)
Hence, while we refer to our simulation as being one of WWj production, we do in fact include all
related off-shell and single-resonant contributions.
We have chosen to work throughout in the four-flavour scheme (4FNS), as employed, for in-
stance, in the NNLO calculation of W+W− production in ref. [19]. Thus, we do not include effects
from third generation quarks. In doing so we most easily avoid significant complications that affect
5FNS calculations, in particular those due to the opening of resonant tW and tt¯ channels at O(αS)
and O(α2S). The latter resonant top-pair contributions enhance the inclusive pp → W+W− + X
cross section by a factor of 4 (8) at the 7 (14) TeV LHC [19], but they give rise to experimentally
separable signatures. This necessitates a theoretical definition of W+W− hadroproduction wherein
the top contributions are subtracted, analogous to that employed for experimental measurements
of this process. This issue has been studied in ref. [19], where it was shown that by an appropriate
removal of the resonant top contributions in the 5FNS case, the 4FNS (with third generation quarks
omitted) and the 5FNS NNLO predictions agree at the level of 1-2%.
For the W boson decays in our program, the user can select leptonic decay modes (summed
over generations, or for just a single generation), and/or hadronic decay modes (summed over
all kinematically allowed flavours). The chosen decay channels are then taken into account when
generating Les Houches events. When a leptonic decay into more than one generation is selected,
we randomly generate the lepton flavour, accounting for the relevant combinatorial factors. For
4Instructions to download the code can be obtained at http://powhegbox.mib.infn.it.
5In Sec. 2.2 we will also discuss the impact of removing the gauge-invariant set of fermionic loop corrections.
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a hadronic decay, an up or charm quark is chosen at random and the related down-type quark is
selected with a probability given by the associated Cabibbo matrix element squared. When writing
out the corresponding part of the Les Houches event record, we assign the quark and anti-quark
originating from the decay of the W to the same colour line. Furthermore, for hadronic decays we
include the NLO correction to the inclusive W -hadronic branching ratio.6 In the case of decays
to leptons of the same family, we do not include double resonant ZZ production with one boson
decaying to leptons and one invisibly. In fact, we consider the latter as being part of the ZZ
production process, and, as shown in ref. [43], the interference between the WW and ZZ mediated
processes is completely negligible.
We defer details of the technical checks performed in the course of assembling this NLO cal-
culation, within the Powheg-Box framework, to sect. 2.2, where a full validation of our final
WWj-Minlo generator is given.
2.2 NLO calculation validation
The fixed order calculation described in sect. 2.1 underlying our WWj-Minlo generator and im-
plemented in the Powheg-Box framework has been cross-checked at leading order against Mad-
graph5_aMC@NLO [52], and at the NLO level against the independent WWj code of ref. [73].
Beside point-by-point checks of the matrix elements, total cross sections and differential distribu-
tions were compared and found to agree very satisfactorily in all cases.
In the calculation of one-loop matrix elements we include fermion loops. However, adding the
latter slows down the event generation significantly. In our main validation work of the full WWj-
Minlo generator, described in sect. 3, we examined numerous distributions, probing a wide range
of kinematic configurations, and did not find any distribution in which there was a statistically
significant difference exceeding 1-2% between results obtained with and without fermionic loop
diagrams. We therefore also release a version of the code that omits the gauge-invariant set of
fermionic loop corrections.
2.3 Minlo′ for general jet-associated colourless particle production processes
Here we describe how to generalize the originalMinlo′ procedure to deal with general jet-associated
colourless particle production, with particular reference given to WWj. We emphasise similarities
and differences relative to the originalMinlo′ codes [53] addressing jet-associated, single, colourless
particle production.
The Minlo′ recipe and proof needs as its primary ingredient and starting point an NLO cross
section, here the WWj calculation described above. In general, the latter decomposes into a sum
of a part which is finite as the transverse momentum of the colourless system (pT) tends to zero,
dσF , plus a correspondingly singular part, dσS . The finite piece, dσF , being power suppressed, is
essentially a spectator in proofs that Minlo′ yields NLO accuracy for the inclusive/0-jet process,
here W+W− production. The singular part of the cross section, differential in the phase-space
variables Φ fully parametrising the underlying qq¯ →W+W− scattering (including W decays) and the
large logarithm, L = lnQ2/p2T, here with Q = mWW (the invariant mass of theW+W− system), can
be obtained by an explicit fixed order calculation, or expanding the NNLL resummed pT spectrum
up to and including O (α¯2S) terms (α¯S = αs/2pi). This singular part can be obtained by identifying
6In the case of hadronic decays, we neglect t-channel boson exchanges.
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and replacing all instances of the process-dependent hard function in the Drell-Yan case, with that
of W+W− production.7 The resulting expression for dσS thus has the form
dσS
dΦdL
=
dσ0
dΦ
2∑
n=1
2n−1∑
m=0
Hnmα¯
n
S
(
µ2R
)
Lm , (2.2)
where the explicit Hnm coefficients can be extracted from, for example, the general formulae in
appendix A of ref. [59]; they are lengthy and so we do not repeat them here. The process-dependent
hard function, H1, in the H1 terms of [59], is related to the finite part of the renormalized NLO
virtual contribution to W+W− production, V, as follows:
V (Φ) = 1
Γ (1− )
(
4piµ2
Q2
)
α¯S
[
−2CF
2
− 3CF

− CF ζ2 +H1 (Φ)
]
B (Φ) . (2.3)
Here, in eq. (2.3), B is the Born cross section, with the normalization of refs. [56, 57], µ is the
renormalization scale and  sets the dimensionality, d, of spacetime in conventional dimensional
regularization (d = 4 − 2). Apart from the one-to-one replacement of these hard function terms,
the NLO expression for dσS is identical to the corresponding formula for the Drell-Yan pT spectrum.8
Having noted the nature of the differences between the singular behaviour of the jet-associated
Drell-Yan cross section and that of WWj, the task of extending the Minlo′ method to the latter
reduces to that of replacing the H1 (Φ) function everywhere it occurs in the procedure. Modulo
this isolated change in the recipe, the Minlo′ implementation and its proofs follow in exactly the
same way as before. Indeed, in the procedure itself the H1 (Φ) function only occurs once among
the additional components to be layered onto the pure WWj NLO calculation. Specifically, it
only occurs in the process-dependent B2 coefficient of the Minlo′ Sudakov form factor. Thus, the
extension of the Minlo′ method to arbitrary colourless particle production processes, which are at
lowest order qq¯ initiated, consists of generalizing the Sudakov form factor exponent given in the
original article [53]:
log ∆2(Q, pT) = −
2∑
i=1
∫ Q2
p2T
dµ2
µ2
α¯iS
(
µ2
) [
Ai log
Q2
µ2
+Bi
]
, (2.4)
with
A1 = 2CF , B1 = −3CF , A2 = 2CFK , (2.5)
B2 = −2γ(2) + β¯0 CF ζ2 + 2 (2CF )2 ζ3 + β¯0H1 (Φ) , (2.6)
7This statement generalizes trivially to all jet-associated colour singlet production processes.
8In a nutshell, physically, this owes to the fact that the underlying primary scattering processes are identical from
the point of view of the flow of colour charge, and to the universal character of the infrared QCD corrections which
dress them to yield dσS .
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and
K =
(
67
18
− pi
2
6
)
CA − 10
9
nfTR , β¯0 =
11CA − 4nfTR
6
, (2.7)
γ(2) =
(
3
8
− pi
2
2
+ 6ζ3
)
C2F +
(
17
24
+
11
18
pi2 − 3ζ3
)
CFCA −
(
1
12
+
pi2
9
)
CFnf . (2.8)
While the above formulae are specific to the case of processes which are qq¯ initiated at the lowest
order, the necessary modifications to deal with the gg case are obvious. Hence we see that almost
the only change to be implemented in the Drell-Yan Minlo′ code components, to enable it for use
with WWj, is the replacement
B2 → B2 − β¯0H(DY)1 + β¯0H(WW)1 (Φ) . (2.9)
This brings us to the final subtlety. In Drell-Yan processes, which were the subject of the
original Minlo′ article [53], H(DY)1 has no dependence on any kinematics and is just a number:
H
(DY)
1 = CF
[
pi2 − 8 + ζ2
]
. (2.10)
This particularly simple form owes to the fact that Drell-Yan is, from the point of virtual QCD
corrections, a single, colourless, particle production process. This is in marked contrast to the
general case. Indeed, in W+W− production the finite virtual corrections lead to a non-trivial
dependence of H1 (Φ) on the kinematics of the underlying hard scattering process which produces
the primary W+W− system.
To effect the above transformation of B2 in eq. (2.9), one first needs a set of WW kinematics,
Φ, with which to evaluate the H(WW)1 (Φ) factor. This is not a trivial matter since in Minlo
′ one
has only WWj Born and virtual configurations, and WWjj real configurations. For the WWj
Born and virtual contributions we define Φ, event-by-event, by a projection of the WWj state
onto a WW one, using the FKS mapping relevant for initial-state radiation in NLO calculations, as
described in ref. [56]. 9 For real emission events, we first apply a projection to theWWj underlying
Born configuration which the Powheg-Box framework generated the given real configuration from
in the first place (also according to an FKS mapping), before projecting a further step back to a
WW state in precisely the same way as described for the WWj Born and virtual configurations.
In all cases, in the limit that the total transverse momentum of emitted radiation is small, the
effect of the projection on the WW kinematics and its decay products smoothly vanishes. Taking
the latter two features as defining criteria for a legitimate projection procedure, any residual am-
biguities in their definition will result only in power suppressed corrections, affecting the precise
numerical determination of B2 safely beyond the level of the N3LLσ terms which must be con-
trolled (B2 itself already only enters at N3LLσ order); indeed, for ambiguities in the projection to
invalidate the Minlo′ simulation they would need to give rise to at least relative O (1) shifts in
the numerical value of B2 as pT → 0. With these kinematic considerations in hand, we compute
the two H1 terms in eq. (2.9) by calling their associated Powheg-Box setvirtual and compborn
9We first boost all momenta to the frame in which the W+W− system has zero rapidity. Subsequently we boost
all momenta to the frame in which the W+W− system has zero transverse momentum, before applying a final boost
to the frame where the W+W− system has the same rapidity it started with.
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subroutines [57], whose return values are virtual and born respectively, which, for qq¯ initiated
colour singlet production processes, we have determined obey the following relation [56, 57]:
virtual
born
= H1 (Φ)− CF ζ2 − 3CF log
(
µ2R
sˆ
)
− CF log2
(
µ2R
sˆ
)
, (2.11)
sˆ being the invariant mass of the final-state particles. For the case of Drell-Yan processes the latter
ratio is trivially equal to CF
[
pi2 − 8] for µ2R = sˆ. Finally then in practice we determine B(WW)2
event-by-event as
B
(WW)
2 = B
(DY)
2 − β¯0
[
CF
[
pi2 − 8]− virtual
born
∣∣∣∣(WW)
µ2R=sˆ
]
.
3 Phenomenological results
In this section we undertake a phenomenological study which also serves to exemplify some of the
work done to validate our WWj-Minlo generator, and the improved description that it yields for
a variety of important kinematic distributions. To that end, we mainly compare our WWj-Minlo
program to the existing Powheg-BoxWW simulation code [43]. The analysis shown in sect. 3.1 is,
however, only a representative summary of a more wide-reaching comparative study, whose findings
are mentioned in the accompanying discussion when relevant.
3.1 Comparison of WW and WWj-Minlo′ generators
For the purposes of validation and demonstrating the improvements yielded by our WWj-Minlo
simulation, we compare and contrast its predictions for a number of kinematic quantities of general
interest to those of the existing WW Powheg-Box generator (which we ultimately aim to replace).
In the following we consider only the process pp→ e+νeµ−νµ +X and 13 TeV LHC collisions.
We set the Z mass to 91.188 GeV and its width to 2.441 GeV. The W mass and width are taken
to be 80.149 GeV and 2.0476 GeV respectively. We derive the value of the fine-structure constant,
according to the so-called Gµ-scheme, as being αem(MZ) = 1/132.507. The parton distribution
functions we have used are the NLO, nf = 4, NNPDF3.0 [74] set, with the associated running
coupling, since we work in the 4FNS. Unless otherwise stated, all predictions shown have been ob-
tained by showering the Powheg-Box’s hardest emission events with Pythia 8 [75–77], including
hadronization but not multi-parton interaction effects.
Both WW and WWj-Minlo predictions are obtained with the Powheg-Box bornzerodamp
feature activated [57] (see also appendix B of ref. [43]). This flag has the effect of limiting the
amount by which the integrand of the Powheg Sudakov form factor exponent can depart from
its soft/collinear approximation. This option avoids potentially pathological situations wherein the
Born term in the denominator of the Powheg Sudakov exponent enters a region of phase space in
which it, itself, is vanishing faster than the real cross section in the numerator, when this approaches
its soft/collinear factorized form. This vanishing of tree-level matrix elements is well known to occur
in the context of, e.g., charged current weak interactions, in which scattering processes can ‘switch-
off’ as certain kinematical configurations are approached, due to conflicting chirality and angular
– 8 –
momentum constraints.10 In contrast to the WW case, in the WWj-Minlo generator, the effects
of this setting are generally negligible in all distributions which are not sensitive to high transverse
momentum emission of the second hardest radiated parton in the event (& 200GeV). Moreover,
even in such cases, where the predictions should be considered as simply LO accurate, the effect of
the switch is modest, ranging up to 25% in the worst case considered here (pT,j2 ∼ 500GeV).
The central renormalization and factorization scale choice for the WWj-Minlo results is dic-
tated by the Minlo′ formalism [53]. The scale choice used for the strong coupling inside the
integrand of the Sudakov form factor exponent is the conventional setting shown in eq. (2.4). All
other instances of the strong coupling are evaluated at a scale given by the transverse momentum
of the weak-boson pair. The factorization scale at which the PDFs are evaluated is also set to this
value. The resummation scale used in the WWj-Minlo Sudakov was already given in sect. 2.3
as Q = mWW . For further details on the technical implementation of the Minlo′ procedure, in
particular the subtleties surrounding renormalization and factorization scale variations, we refer the
reader to refs. [53, 59]. In the WW generator, the central renormalization and factorization scale
choice, for the computation of the B¯ function, is set to the invariant mass of the W+W− system
mWW . In both generators, the scale uncertainty bands in our plots have been obtained by varying
µR and µF , independently, up and down by a factor of two around their central values, while keeping
1
2 ≤ µR/µF ≤ 2.
Unless stated otherwise, all figures show comparisons of the WW and WWj-Minlo simula-
tions, and are arranged pairwise. In each case the left- (right-) hand plot shows the perturbative
uncertainty of the WW (WWj-Minlo) calculation, and in the lower panel the ratio to the WW
(WWj-Minlo) central result.
3.1.1 Total cross sections
Before launching into comparisons of differential distributions it will help us first to understand
the total inclusive cross sections of the WW and WWj-Minlo generators relative to one another,
including their theoretical uncertainties. For the total inclusiveW+W− production cross sections we
find that the predictions of Minlo′ and the conventional WW NLO computation are in agreement
to within about 4% obtaining 1.219+2.4%−2.1% pb from the latter, and 1.174
+7.2%
−4.8% pb fromWWj-Minlo.
It is entirely natural that the two sets of results do not agree identically, since they differ at the
level of explicit NNLO-sized terms relative to the leading order W+W− production process; WWj-
Minlo includes all ingredients but the two-loop virtual corrections to the full NNLO computation,
for example. Thus, we regard the fact that the Minlo′ and conventional NLO results agree at
about the 4% level as being quite satisfactory – indeed the agreement is slightly better than that
found previously for the case of 14 TeV LHC Drell-Yan production in ref. [53].
We note that the WWj-Minlo prediction comes with a theoretical uncertainty (due to scale
variations) which is about a factor 2-3 larger than that from the WW generator. 11 This feature
has already been observed in the first Minlo′ work concerning the Drell-Yan process [53], and
subsequently in applying the Minlo′ method to HW/HZ production [78]; in both cases a similar-
10Some such configurations are suggested in the context ofW+W− production in appendix B of the PowhegWW
generator paper [43].
11For the total inclusive cross section, the predictions of the WW generator are identical to those of conventional
NLO, owing to the exact unitarity of Nlops algorithms.
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sized enlargement of the Minlo′ scale uncertainty was found with respect to the corresponding
conventional total inclusive NLO predictions.
As in ref. [53], we point out that, just as one can expect the central values of the predictions
to differ, on account of intrinsic differences at the NNLO level, one should not be surprised to find
similar-sized inequalities in the associated scale variations. Furthermore, it is well known that scale
variations often don’t give a reasonable estimate of the size of missing higher-order contributions
at LO, or even NLO. For example, in W+W− production at LO there is zero renormalization scale
dependence, since there is zero dependence on the strong coupling constant, thus the true theoretical
uncertainty at that order is significantly underestimated. For what concerns our NLO results here
though, there is very clear supporting evidence from the NNLO studies of W+W− production in
ref. [26] that the scale uncertainties predicted by our WWj-Minlo program are actually more
reasonable, whereas those from conventional NLO substantially underestimate the true error.
3.1.2 Inclusive observables
The preceding observations on the WW and WWj-Minlo total inclusive cross sections are im-
portant to bear in mind while going on to examine kinematic distributions, since these similarities
and differences are felt directly and indirectly by many of the plotted quantities. Indeed, for in-
clusive quantities, and to some extent also more exclusive ones, differences in normalization and
uncertainty estimates are directly attributable to those found for the total inclusive cross sections.
We consider first differential distributions for observables which are inclusive with respect to
the presence of QCD radiation. We begin in fig. 1 with the W+ mass distribution. As expected, we
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Figure 1. The mass of the W+ boson as predicted by the WW (red) and WWj-Minlo (dark green)
generators. All results include parton shower and hadronization corrections obtained by processing the
Powheg-Box hardest emission events with Pythia 8; MPI effects are not been included.
see that the two generators agree rather well for this very inclusive quantity. The only differences
between the two types of predictions here are to do with their normalization and the width of
their scale uncertainty bands. As expected, these differences completely reflect those seen in the
corresponding total inclusive cross sections discussed in sect. 3.1.1; the WWj-Minlo result sits
at the lower edge of the Powheg WW uncertainty band, which lies well within the larger WWj-
Minlo uncertainty band.
Next we show in fig. 2 the transverse momentum of the W+W− system. At fixed order,
predictions for this observable become divergent as pT,W+W− approaches zero. All results shown
here instead show a physical Sudakov peak and damping at small transverse momenta, owing to
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Figure 2. Transverse momentum of the W+W− system as predicted by the WW (red), WWj-Minlo
(dark green) generators and WWj-Minlo at pure NLO level (blue). The simulation of parton shower and
hadronization effects (but not MPI) is included with Pythia 8.
their all-orders resummation of soft/collinear emission effects; primarily via the Powheg Sudakov
form factor in the case of the WW generator (red), and through the Minlo′ Sudakov form factor
and scale assignments in WWj-Minlo without (blue) or with parton shower effects (red). In
contrast to fig. 1, the differences between the predictions of the WW (red) and WWj-Minlo
(green) generators here are not flat as a function of pT,W+W− , and they are larger in magnitude,
both at high and at low transverse momentum.
At high transverse momenta (pT,W+W− ∼ 100 GeV), only the WWj-Minlo description is NLO
accurate. In this region we observe that theWWj-Minlo spectrum is harder than that of theWW
generator and we interpret the modest ∼ 15 % difference as being predominantly due to genuine
NLO QCD corrections to the pT,W+W− spectrum. In the low transverse momentum region the WW
and WWj-Minlo generators are seen to deviate from one another by up to 15% in the Sudakov
peak region. On one hand we might well anticipate differences of roughly this size based on the fact
that the WW andWWj-Minlo generators should be expected to differ at roughly the level of NLL
and N3LLσ terms. On the other hand, naively at least, it is difficult to reconcile this large difference
in the peak region with the fact that the two codes agree on the total inclusive cross section to within
3%. Further investigation shows that in fact the bare NLO WWj-Minlo pT,W+W− spectrum (blue
line) actually follows that of the Powheg WW generator remarkably well in the Sudakov peak
region, with the two agreeing to better than 4-5% across in the region pT,W+W− < 60GeV. Noting
this fact it becomes much easier to understand how the total inclusive cross sections can be in such
good agreement, despite the apparently sizable differences in the Sudakov peak region. Essentially,
the prediction of the bare WWj-Minlo is subsequently acted on in the simulation chain, first by
the Powheg hardest radiation generator (generating the second hardest radiated parton in the case
of WWj-Minlo), and then by the parton shower. Both of these operations exactly respect the
unitarity of the cross section, neither creating, deleting, or reweighting events, however, they will act
to redistribute that cross section through the phase space, albeit consistently with NLO accuracy.
Here, in particular, in the low pT,W+W− region these multiple emission corrections have the effect of
‘smearing out’ the more peaked distribution from the bare NLO WWj-Minlo calculation (which,
again, tracks closely that of WW), yielding the more blunt peak of theWWj-Minlo generator seen
in the plots. As a final remark on this aspect, we note also that these deviations at low pT,W+W−
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correlate closely with similar ones in the transverse momentum spectra of the individual W bosons
themselves, for obvious reasons. We observe that the scale-uncertainty band of the WW code is
once again smaller than the corresponding uncertainty for the WWj-Minlo code. As discussed
above, the latter code gives a more reliable estimate of the size of higher-order corrections which
are not accounted for in our prediction. Remarkably similar trends to those shown here can be seen
in the comparisons of the Powheg W and Z codes to Wj-Minlo and Zj-Minlo respectively, for
the W and Z pT spectra, in ref. [53].
In fig. 3 we show the rapidity of the W+W− pair. As in the case of the W+ mass distribution
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Figure 3. Rapidity of the W+W− system as predicted by the WW (red) and WWj-Minlo (dark green)
generators.
(fig. 1), the WW central prediction lies within the uncertainty of the WWj-Minlo generator. On
the other hand, at high rapidities the WWj-Minlo predictions are lower than the WW ones.
Here again, the pattern of differences is quantitatively similar to that found in comparing Z and
Zj-Minlo predictions, for the Z rapidity spectrum in the Minlo′ implementations of ref. [53]. We
add that the high-rapidity regions here, proportionally, contain more low pT,W+W− events than the
central domain. Thus, we suggest that the deviations seen at high rapidities, between theWW and
WWj-Minlo predictions, are strongly correlated with the comparable deviations in the pT,W+W−
spectrum of fig. 2. Similar behaviour is found for the rapidity distributions of the individual W±
bosons, as well as their decay products.
The missing transverse momentum (pT,miss) distribution is shown in fig. 4. Not surprisingly,
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Figure 4. Missing transverse momentum as predicted by the WW (red) and WWj-Minlo (dark green)
generators.
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this observable shows a pattern qualitatively similar to the one observed in fig. 2 for the transverse
momentum of the W+W− system. Although the W+W− transverse momentum is shared between
leptons and neutrinos, one expects that the large pT,miss tail is mostly populated by events where
the W+W− system had a large boost, hence the WWj-Minlo result displays a cross section larger
than the WW one. The large differences observed at small values of pT,W+W− get instead partly
diluted when looking at pT,miss. This can be understood by considering the underlying weak decay
W+W− → l+l−νν¯: even when the W+W− system is almost at rest, the transverse momentum
of each neutrino is of order mW/2 or more (depending on how boosted the W boson is off which
it is emitted). This consideration, together with the fact that the missing energy is the absolute
value of a vectorial sum of two transverse momenta, justifies why differences that at the peak of the
pT,W+W− distribution reached a factor 1.16 become averaged out in the pT,miss spectrum, which, at
low values, only exhibits 10% differences at most between the WW and WWj-Minlo simulations.
3.1.3 Jet associated production
We now turn to results where at least one jet is required in the final state. Jets are reconstructed
using the anti-kt algorithm [79] as implemented in FastJet [80]. In the following, we have chosen
R = 0.4 and jets are required to have pT,j1 > pT,min = 25 GeV.
In fig. 5 we show theW+ transverse momentum distribution in events with at least one jet. This
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Figure 5. The W+ boson transverse momentum in the 1-jet region, as predicted by the WW (red) and
WWj-Minlo (dark green) generators.
distribution is described at NLO accuracy by both generators when no jet-cut is imposed. However,
when we require to have one jet in the final state, the WW generator is only LO accurate. In this
case, due to the inclusive nature of this observable with respect to extra QCD radiation, NLO
corrections amount to an overall K factor, and hence we find good agreement in the shape of the
two distributions.
In fig. 6 we now examine the transverse momentum distribution of theW+W− system in events
with at least one jet. In this case, when the transverse momentum is large (pT,W+W−  pT,min) we
recover the behaviour observed in fig. 2. On the other hand we observe a very different behaviour
at small pT,W+W− . Given the jet requirement, the region 0 < pT,W+W− < 25 GeV is populated
only by events with at least two QCD emissions. Therefore, for the WW generator this region is
populated by the parton shower only. For the WWj-Minlo generator, on the other hand, two-
parton configurations are also provided by leading order matrix elements; these tend to populate
– 13 –
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Figure 6. The W+W− transverse momentum in the 1-jet region, as predicted by the WW (red) and
WWj-Minlo (dark green) generators.
this region more strongly than the shower alone since they tend to provide harder QCD radiation
against which the first jet can recoil, leaving room for pT,W+W− to be smaller. The shape change
that we observe for this distribution at pT,W+W− = 25 GeV has to do with the WWj-Minlo
code switching from being LO accurate below that threshold to NLO accurate above it. The LO
behaviour of the WWj-Minlo generator in this region is also evident from the widening of the
WWj-Minlo uncertainty band below pT,W+W− = 25 GeV.
In fig. 7 we show the transverse momentum spectrum of the hardest jet. This is a quantity that
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Figure 7. Leading jet transverse momentum as predicted by the WW (red) and WWj-Minlo (dark
green) generators.
is described only at LO level by the WW generator, whereas NLO corrections are included in the
WWj-Minlo program. We notice that the two results start to deviate at fairly modest transverse
momenta, and differences up to a factor of almost 2 can be noticed in the tail. This is due to
the absence of radiative corrections in the WW generator. In particular we have verified that in
the tail region the contribution from events containing 2 well separated partons is sizable. The
WW program underestimates their rates (as shown also in the next plot), since it doesn’t contain
the corresponding exact matrix elements. The uncertainty band of the WWj-Minlo result shows
the size and pattern that one would expect to see in a NLO-accurate prediction. On the other
hand, especially in the low-to-medium range, the uncertainty band for the WW result is thinner
then the WWj-Minlo one, despite the nominal accuracy of the WW generator is just LO for this
– 14 –
observable. This is explained as follows: in this region the scale variation for the WW predictions
is due to the scale dependence of the B¯ function, which is a NLO-accurate quantity. At larger pT
values, where bornzerodamp is active, the band slowly thickens, giving an uncertainty of ±10%.
Another interesting observable to consider is the transverse momentum spectrum of the second
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Figure 8. Second jet transverse momentum as predicted by the WW (red) and WWj-Minlo (dark
green) generators.
hardest jet, which we show in fig. 8. Not surprisingly, here we observe huge differences among the
two generators. In the WW code only the hardest radiation is generated by Powheg. Hence the
particles that constitute the second jet are only produced via parton showering: when large pT,j2
regions are probed, the WW code is bound to predict an unreliable cross section (too small in this
case). The WWj-Minlo prediction is instead more accurate, since the matrix elements describing
the production of two separated outgoing partons are included exactly, although only at LO. The
LO nature of this result is reflected in the relatively large uncertainty band.
After having shown how the WWj-Minlo generator compares against the WW one for jet
observables, we find it useful to compare, for the same observables, WWj-Minlo against a NLO
computation (without any Minlo improvement) for the process pp→ W+W−j.12 These compar-
isons are shown in fig. 9. In the left panel we observe that the WWj-Minlo prediction for the
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Figure 9. First and second jet transverse momentum as predicted by the WWj-Minlo (dark green)
generators compared against a fixed-order NLO computation for the same process (WWj [NLO], blue).
12This result was obtained running at fixed-order the WWj-Minlo code, switching off the Minlo machinery but
including a 10 GeV generation cut for the hardest parton transverse momentum. Renormalization and factorization
scales have been set equal to 2mW .
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hardest jet pT spectrum agrees very well with the fixed-order result for the transverse momentum
spectrum of the hardest jet. The moderate differences close to the threshold to produce one jet
are likely due to the use of different scales as well as to the presence of the Minlo Sudakov. At
larger values of pT,j1 the two predictions are compatible, although the NLO result exhibits a slightly
harder spectrum. This is easily explained by recalling that, at large transverse momenta, although
the Minlo Sudakov switches off, the WWj-Minlo scale prescription is used: the WWj-Minlo
line is obtained with a dynamical scale choice, i.e. a scale choice certainly larger than the one used
for the NLO computation, where we have chosen µ = 2mW . This consideration is also supported
by the fact that the NLO and WWj-Minlo predictions agree extremely well for pT,j1 ' 2mW . In
the right panel of fig. 9 we show instead the comparison for the second hardest jet, which agree
quite well.
4 Conclusion and outlook
In this paper we have extended the Minlo′ method to merge W+W− and W+W−+jet NLO calcu-
lations, preserving NLO accuracy throughout the 0- and 1-jet phase space. The merging is achieved
without the introduction of an unphysical merging scale; such a scale formally spoils the NLO
accuracy of merged samples in some regions of phase space.
The work presented here exemplifies the extension of the Minlo′ method, in its original form,
to general colour singlet production processes, where the virtual corrections to the lowest multi-
plicity process are non-trivial. The method relies on the fact that the NNLL transverse momentum
resummation coefficient B2 is the same in W+W− and Drell-Yan production, save for a process-
dependent term proportional to the virtual corrections affecting the leading order process. By
carefully replacing this process-dependent component in the Minlo′ recipe for Drell-Yan type re-
actions, with the analogous virtual correction to W+W− production, the Minlo′ method becomes
directly applicable to the latter. The same replacement procedure holds for extending Minlo′ to
all colour singlet production processes.
We have performed an extensive phenomenological study, comparing our results to conventional
W+W− Nlops and W+W−+jet NLO calculations. In general we find good agreement, with stan-
dard NLO results lying within the uncertainty band of the Minlo′ improved prediction. On the
other hand, the scale uncertainty of the Minlo′ results for inclusive observables, while being less
than 7%, is larger than that of conventional NLO, by a factor of 2-3.
Although it has been proven that the Minlo′ method yields NLO accuracy for 0-jet and in-
clusive quantities, and that scale variations therein give rise to only NNLO-sized shifts, the precise
value of these relative O(α2S) ambiguities is understood to be formally different in each case. The
propagation of scale variation in the Minlo′ approach is complicated, however, it’s somewhat nat-
ural to expect that Minlo′ should tend to exhibit a larger scale uncertainty than conventional
NLO calculations: in the former, the scale for evaluating the strong coupling constant and PDFs
is mandatorily pT,W+W− , thus, scale variation for the great majority of events forming the inclusive
cross section, in the vicinity of the Sudakov peak, takes place around significantly smaller values in
Minlo′ than in conventional NLO computations (µR ∼ µF & O(mW )). Considering the differences
reported between NLO and NNLO results in the recent study of ref. [26], we regard the theoret-
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ical uncertainty estimate from our Minlo′ computation as being quite reasonable, while that of
conventional NLO is a poor underestimate.
In conclusion we find that theWWj-Minlo generator supersedes theWW generator, retaining
the NLO accuracy of the latter for inclusive quantities and augmenting it with a more reliable, NLO
accurate description of hard radiation. Furthermore, for fully inclusive, 0-jet, and 1-jet quantities
the WWj-Minlo generator gives a more realistic estimate of the theoretical uncertainty.
Finally, we remark that with a Minlo′ accurate simulation at hand, it becomes straightfor-
ward, theoretically, to upgrade it, through a reweighting procedure, to obtain NNLOPS accurate
predictions. In the present case, taking into account the W+W− decays, the high dimensionality of
the Born phase space makes this task far from trivial in practice. We leave this to future work.
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